A strategy for synthesizing highly functionalized porous silica-carbon composites made up of a sulphur-or nitrogen-doped carbon layer coating the pores of two mesostructured silica samples (i.e. SBA-15 and KIT-6) is presented. The synthesis scheme involves several steps: a) infiltration of the silica pores by sulphur-rich (thiophene) or nitrogen-rich (pyrrole) monomers, b) in situ polymerization of these precursors to form polythiophene or polypyrrole, and c) carbonization of the polymers.
Introduction
Mesostructured silica materials have become the focus of widespread attention due to their unique properties: a) a well-defined morphology, size and porosity, b) a large porosity made up of uniform mesopores in the 2-10 nm range, c) a wellorganized pore arrangement (2D hexagonal, wormhole, 3D cubic, etc) and d) an ability to attach a variety of functional groups [1] . These properties make mesoporous silica materials attractive for a broad range of applications e.g., as catalytic supports [2] , selective adsorbents [3] , drug delivery carriers [4] , supports for the immobilization of biomolecules [5] , etc. These materials have also been used as templates for the fabrication of mesoporous carbons that exhibit complementary properties with respect to the silica [6] . For example such carbons have very large porosity in the mesopore range, a good electrical conductivity and an excellent chemical stability. These properties make them especially useful for energy storage (in supercapacitors and Li-ion batteries), [7] gas storage [8] , as carriers for enzyme immobilization [9] , and as adsorbents [10] .
In spite of their practical interest, mesoporous silica materials have several drawbacks that limit their applicability. They have a poor electrical conductivity and the introduction of organic functionalities entails complex and expensive procedures. Thus, the controlled incorporation of a certain amount of carbon into the silica pores could open up new possibilities for the application of these materials. Indeed, a silica-carboncomposite would combine the structural properties of silica (i.e. uniform and large mesopores, and a well-defined pore arrangement) with those characteristic of carbon materials, such as a good electrical conductivity. The incorporation of different types of functional groups to the carbon layer would extend the range of potential applications even further. Several synthesis strategies have been reported for coating silica 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 mesopores with a carbon layer. Thus, Zhang et al. [11] and He et al. [12] reported modifying the size of the pore entrances of SBA-15 by depositing a carbon layer using a chemical vapor deposition technique. The usual procedure for preparing silica-carbon composites consists in attaching organic moieties to the silica surface followed by a carbonization step [13] [14] [15] . Yokoi et al. fabricated silica-carbon composites by means of an esterification method, based on the esterification of furfuryl alcohol with silanol groups on the pore walls of SBA-15 followed by a carbonization step [16] . Recently, we reported a new method for fabricating silica-carbon composites whereby the carbon layer coating the silica pores is produced by carbonizing the surfactant employed as structure-directing agent in the synthesis of mesostructured silica [17] .
The ability of graphene layers to covalently attach heteroatoms (e. g. O, N, S) has been normally exploited in order to incorporate oxygen, nitrogen or sulphur-based functional groups into carbonaceous materials [18] . In the present work, this approach is adopted in order to incorporate nitrogen and sulphur functionalities into a layer of carbon deposited inside the pores of silica. The incorporation of such functionalities may enhance the range of potential applications of silica-carbon composites. Indeed, it has been reported that N-doped carbons exhibit a much better performance as supercapacitors [19] , for the capture of CO 2 [20] , and for the removal of contaminants and heavy metals from aqueous media [21] due to their basic character and enhanced electrical conductivity. On the other hand, S-doped carbons show an excellent behaviour as catalytic supports due to the intense interaction of sulphur with metal nanoparticles [22] and would therefore make good sorbents for certain heavy metals [23] . In the present work we fabricated carbon-coated mesostructured silica materials by incorporing nitrogen or sulphur functionalities into the carbon layer. Two types of mesostructured silica materials (i.e. SBA-15 and KIT-6) were selected as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 Synthesis of S-doped composites. First, the pores of the calcined silica samples were impregnated with p-toluenesulfonic acid to increase surface acidity. In a typical experiment, the silica samples were impregnated with p-toluenesulfonic acid (>98 %, Aldrich) (0.5 M in ethanol) for 1 h, filtered, washed with a small volume of ethanol and dried at 80 ºC. Afterwards, a solution of 2-thiophenemethanol (Aldrich) in acetone was infiltrated into the porosity of the silica (~ 0.9 g of 2-thiophenemethanol per gram of silica). Subsequently, the impregnated sample was heated to 100 °C for 16 h to polymerize the monomer and the resulting brown powder was carbonized up to 500 ºC or 800 ºC under vacuum for 1 h (heating rate: 5 ºC/min). The carbonized samples were denoted as XCS-y where X is S or K for the SBA-15 or KIT-6 silica substrates respectively and y is the carbonization temperature in ºC. 
Characterisation of the materials
Small and wide angle X-ray diffraction (XRD) patterns were obtained on a Siemens D5000 instrument operating at 40 kV and 20 mA and using CuKa radiation microscope operating at 160 kV. Diffuse reflectance Fourier-Transform Infrared (FT-IR) spectra of the materials were recorded on a Nicolet Magna-IR 560 spectrometer fitted with a diffuse reflection attachment. The percentage of carbonaceous material in the composites was deduced by thermogravimetric analysis which was performed on a CI Electronics system. X-ray photoelectron spectroscopy (XPS) was carried out on a Specs spectrometer, using MgK (1253.6 eV) radiation from a double anode at 50 w.
Binding energies for the high-resolution spectra were calibrated by setting C 1s to 284.6 eV. The chemical composition of the samples was determined by elemental analysis using a LECO CHNS-932 analyzer and the total sulphur content was corroborated by means of a LECO S-144DR device.
Results and Discussion

Structural properties
Silica-carbon composites
Nitrogen and sulphur functionalized silica-carbon composites were prepared using two types of mesoporous silica as starting materials, i.e. SBA-15 and KIT-6. The physical and chemical properties of the mesostructured silica substrates and the corresponding functionalized silica-carbon composites are summarized in Table 1 . The silica-carbon composites contain around 20-25 wt % of carbonaceous matter, which decreases slightly as the carbonization temperature increases from 500 ºC to 800 ºC. Figure 1 shows the SEM images for the SBA-15 silica (Figure 1a ) and the SBA-15/carbon composites with N or S (Figures 1 b, 1 c and 1 d) . Both the silica and composite particles have a similar particle size (~1 m). It can be seen that for the silica-carbon particles doped with S the external appearance of the particles is similar to 7 that of the silica indicating that the carbon layer has been deposited exclusively inside the pore network ( Figures 1 c and 1 d) . In contrast, in the case of the silica-carbon samples doped with N ( Figure 1 b) , the external surface of the particles shows a certain roughness, which suggests that a fraction of the deposited carbon is coating the silica particles.
Because most of the deposited carbonaceous matter is inside the pores of the silica, it is to be expected that the silica-carbon composites will show a reduction in their textural properties with respect to the parent silica. This is confirmed by the results presented in Table 1 , which reveal that the silica-carbon composites show, in relation to the silica samples (SBA-15 and KIT-6), a moderate reduction in their BET surface area, pore volume and pore size. This result suggests that there is no blockage of the pores by the deposited carbon. It can also be seen that the reduction in textural properties is more pronounced in the case of the composites treated at 800 ºC than in those prepared at 500 ºC. This may be due to thermal shrinkage of the silica framework, which becomes more pronounced as the carbonization temperature increases [28] . Figure 2 shows the nitrogen sorption isotherms and the pore size distributions (inset) corresponding to the two silica samples and the silica-carbon composites obtained by carbonization at 500 ºC and 800 ºC. All the isotherms exhibit a type IV pattern with a well-defined capillary condensation step at p/p o~ 0.6-0.8, which is indicative of a well-developed mesoporosity. This is confirmed by the pore size distributions, depicted in the insets of Figure 2 , which show that the porosity of both the silica and the composites is made up of uniform mesopores ranging from 8 to 11 nm. It can be seen that as a consequence of the deposition of the carbon layer, there is a reduction in the mean pore size. For example, whereas the pore size of the SBA-15 silica is ~ 9.8 nm, the SCN-500 composite has a pore size of ~ 8.3 nm. This means that the carbon layer has a thickness 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 of around 0.7 nm (approximately equivalent to the thickness of two graphene sheets), which is similar to the size deduced by Nishihara et al. for SBA-15/carbon composites prepared by using 2,3-dihydroxynaphthalene as carbon source [13] . The composites prepared at 800 ºC also exhibit a reduction in pore size, but in this case it is due to shrinkage of the silica framework, as the temperature increases rather than to any modification in the thickness of the carbon layer.
The low-angle range XRD patterns depicted in Figure 3 corresponding to the composites derived from SBA-15 evidence that the incorporation of carbon does not affect the structural order of the silica-carbon composites with respect to the silica. Like the calcined silica samples, the silica-carbon composites display well-resolved XRD peaks, which are assigned to reflections characteristic of a 2D p6mm hexagonal silica mesostructure (SBA-15). These results are in agreement with TEM images, displayed in Figure 4 , for the SBA-15 and derived composites (taken along the channel direction and perpendicular to it). It can be seen that the structural order characteristic of the parent silica is still retained in the composites. The KIT-6/carbon composites also retain the structural order of the parent silica as can be deduced from the well-resolved low-angle XRD patterns in Figure S1a .
Templated carbons
Mesoporous carbons doped with N or S were obtained by dissolving the silica skeleton in the silica-carbon composites. The textural properties of the templated carbons (N-doped and S-doped) obtained from the SBA-15 silica were analyzed. Their nitrogen sorption isotherms and pore size distributions are presented in Figure 5 and Table 1 respectively. The results show that these carbons have a large specific surface area and a porosity that is predominantly made up of mesopores with a mean pore size of ~ 4 nm. What is more, they retain the mesostructural order of the parent silica, as can 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 be deduced from the low-angle range XRD patterns (see Figure S1b ) and TEM images shown in Figure 6 . The fact that the templated carbons exhibit a well-defined mesostructure suggests that the carbon in the silica-carbon composites is interconnected and uniformly distributed within the pore network. It is also worth mentioning that these templated carbons combine a high surface area and mesoporous structure with a large amount of nitrogen in the case of the CN(S)-800 sample (6.7 wt % N) and sulphur in the case of CS(S)-800 (3.9 wt % S) (see Table 1 ). Clearly, the combination of these two properties would make these materials useful in several areas such as supercapacitors, CO 2 capture, catalytic supports or sorbents [18] .
Chemical properties of the silica-carbon composites
N-doped composites
Elemental analysis of the N-doped silica-carbon composites shows that these materials have nitrogen contents in the 1.5-4.2 wt % range (see Table 1 ). It can be seen that this percentage decreases with the carbonization temperature. This is because nitrogen functionalities are preferentially removed during carbonization, as has previously been reported [29] . The nature of the nitrogen functionalities was investigated by means of FT-IR and XPS spectroscopic techniques. Figure 7a Figure 7c also shows the spectrum for the calcined SBA-15 sample. This exhibits a broad band at 2600-3800 cm -1 caused by O-H stretching and an overlapping sharp peak at 3750 cm -1 due to the stretching modes of isolated OH groups [31] . Interestingly, the silica-carbon composites do not exhibit any IR signal in this region, which evidences that the silica surface is fully coated by carbon.
The N 1s signal was measured by XPS to obtain a better insight into the nature of the N functional groups and the changes that occurred during carbonization. Figure   8a shows the N 1s core-level spectra corresponding to polypyrrole (PPy), the N-doped carbons obtained by removing the silica framework from the SCN-500 and SCN-800 samples, and the carbon resulting from the pyrolysis of polypyrrole at 800 ºC (CP). It can be seen that the XPS spectrum of polypyrrole (used as a reference material) contains only one peak centred at 399.7 eV, which can be assigned to pyrrolic nitrogen (N-5) [20] . In the case of the bulk carbonized polypyrrole two intense peaks centred at 398.1 eV and 400.7 eV, and a small one at 403.1 eV can be distinguished corresponding to pyridinic nitrogen (N-6), and N-oxides of pyridine-N respectively [32] . The pyridine-N-oxide (N-X) band is probably caused by the oxidation of the sample from its exposure to the ambient, and it represents only 3% of the different N moieties [32, 33] . 
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The peak centred at 400.7 eV can be attributed to quaternary-N (N-Q), which is the most stable N species under high-temperature pyrolysis conditions [32] . 
S-doped composites
The composites obtained by carbonizing the polythiophene inside the silica pores have sulphur contents ranging from 0.9 to 6.1 wt %. As can be seen in Table 1 , the amount of sulphur decreases sharply as the carbonization temperature rises from 500 ºC to 800 ºC. Thus, for the KIT-6 based composites, the percentage of sulphur varies from 6.1 wt % (KCS-500) to 1.9 wt % (KCS-800). As in the case of the nitrogen functional groups (see above), this change occurs because, as the carbonization temperature increases, sulphur is preferentially removed and consequently, the S/C ratio 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 diminishes [23, 34] . The nature of the sulphur-containing functional groups present on the surface of the carbonaceous matter was investigated by means of FT-IR and XPS spectroscopy. Figure 7b Additional information about the nature of the sulphur functional groups was obtained by X-ray photoelectron spectroscopy. The S 2p core level spectra corresponding to polythiophene (PTh), the S-doped carbon coating the silica pores (CS(S)-500 and CS(S)-800), and carbonized polythiophene (CPTh) at 800 ºC are presented in Figure 8b . The XPS spectrum for polythiophene exhibits a doublet at 163.9
and 165.2 eV, which can be assigned to thiophene-like sulphur [37] . The XPS spectrum 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 corresponding to carbonized polythiophene (C-PTh) is composed of two doublets: a) a lower energy doublet (164.0 and 165.3 eV) which can be ascribed to -C-S-C-sulphide bridges, and b) a high energy doublet (167.2 and 168.5 eV) which is consistent with -C-S(O) 2 -C-sulphone bridges [38] . These sulphone bridges represent only ~ 5 % of the total sulphur content, indicating that most of the sulphur present in the C-PTh sample (13.8 wt %) is in the form of sulphide bridges. In the case of S-doped carbons, the S 2p spectrum of the CS(S)-500 sample exhibits only one doublet which is ascribed to sulphide bridges. In contrast, the CS(S)-800 sample contains two doublets associated to -C-S-C-sulphide bridges and -C-S(O) 2 -C-sulphone bridges like the C-PTh sample.
However, the sulphone bridges in the CS(S)-800 sample represent only a very small percentage of the total amount of sulphur (~ 4 %). Therefore, most of the S heteroatoms must be forming sulphide bridges.
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